Aim: A high ponderal index at birth has been associated with later obesity and it has been suggested that intervention to prevent obesity and its sequela should consider the antenatal period. In this context, we investigated the association between maternal nutrition and birth anthropometry. Design: We analyzed data on 1040 mother-infant pairs collected during the Tasmanian Infant Health Survey (TIHS), Tasmania, 1988Tasmania, -1989. Maternal dietary intake during pregnancy was measured by food frequency questionnaire (FFQ) applied soon after birth. Outcomes of interest were birth weight, birth length, head circumference, ponderal index, head circumference -toponderal index ratio, placenta-to-birth weight ratio and head circumference-to-birth length index. Results: In multiple regression model, an increase of 10 g of absolute protein intake/day was associated with a reduction in birth weight of 17.8 g (95% CI: À32.7, À3.0; P ¼ 0.02). Protein intake was also associated negatively with ponderal index (b ¼ À0.01; 95% CI: À0.02, À0.00; P ¼ 0.01). A 1 % increase in carbohydrate intake resulted in a 1% decline in placental weight relative to birth weight. Higher protein intake in the third trimester was associated with a reduced ponderal index among large birth weight infants but not low birth weight infants. Conclusions: This raises the possibility that any effect of high protein in altering infant anthropometry at birth may involve changes in body composition and future work to examine how a high-protein diet influences body composition at birth is warranted.
Introduction
It has been proposed that factors related to fetal and placental growth can program an individual's later cardiovascular and metabolic function (Barker, 1998) . Epidemiological investigations of this fetal origins hypothesis have yielded conflicting results. Evidence for a role of altered body proportions in programming is that low birth weight infants are at higher risk of developing coronary heart disease (CHD) (Barker et al., 1993b) and type II diabetes, including components of the insulin resistance syndrome such as raised blood pressure and dyslipidemia (Barker et al., 1993a; Barker, 1997) . Alterations in the ratio of placental weight to birth weight (placental ratio) have also been associated with the development of hypertension and CHD in later life (Barker, 1990; Martyn et al., 1996) . Despite the available evidence, the fetal origin hypothesis has not been universally accepted (Kramer and Joseph, 1996; Susser and Levin, 1999) .
Evaluation of the hypothesis has been limited by a lack of accurate assessment of the confounding or effect modification of post-natal factors. Further, the inverse association between birth weight and adverse later cardiovascular outcomes may not extend across the full birth weight spectrum. An upturn in cardiovascular risk has been found for macrosomic infants (Osmond et al., 1993; Leon et al., 1998; Gunnarsdottir et al., 2002; Rich-Edwards et al., 2005) . In the US nurses cohort, exclusion of macrosomic infants (44536 g) resulted in an increase in the magnitude of the inverse association between birth weight and CHD (RichEdwards et al., 2005) .
Given the temporal increase in higher birth weight and the current childhood obesity epidemic, it has been argued that an increasing focus should also be placed on infants who are overweight at birth (Kramer, 2004) . Studies in both children and adults generally showed a positive association between birth weight and subsequent body mass index (BMI) and obesity (Curhan et al., 1996; Rasmussen and Johansson, 1998; Parsons et al., 2001) . A high birth ponderal index has also been linked to later obesity (Eriksson et al., 2001a ) and large-for-gestational age infants have been reported to be more likely to have a metabolic syndrome risk profile at age 11 than appropriate-for-gestational age infants (Boney et al., 2005) .
There is some evidence that large birth weight differences (415%) between the members of monozygotic-twin pairs are associated with some differences in adult BMI or leanbody mass, suggesting that the observed associations between birth weight and subsequent body habitus could be a result of programming by the intrauterine environment (Rogers, 2005) . In this context, the role of factors that can alter infant anthropometry at birth, such as maternal nutrition becomes important. Studies of the offspring of women exposed to the Dutch famine suggested that exposure to famine in utero in the first trimester was associated with increased rates of obesity whereas exposure in the third trimester was associated with reduced rates of obesity (Ravelli et al., 1976) . Among subjects born around the time of the siege of Leningrad (Stanner et al., 1997) , exposure to famine in utero was associated with increased subscapular:triceps ratio, but no difference in BMI despite large birth weight differences. Studies of the Pima Indians of Arizona, a group with exceptionally high rates of diabetes, have found that the offspring of diabetic mothers are heavier than the offspring of non-diabetic mothers, even among siblings discordant for maternal diabetes in pregnancy (Pettitt et al., 1983) . Randomized controlled trials have now shown that relatively modest alterations in maternal nutrition can also influence birthweight. A Cochrane review of dietary intervention trials found that although balanced protein-energy supplementation (n ¼ 5 trials) generally resulted in modest increases in maternal weight gain and infant birth weight (weighted mean difference, 37.6 (0.21-75.45) g), high protein supplementation, in which 25% or more of total daily energy was derived from protein (n ¼ 2 trials), resulted in a very small increase in maternal weight gain and a small decrease in infant birth weight (weighted mean difference À58.4 (À146-29.5) g) (Kramer, 2003) . However, the effect of protein intake and other maternal nutrients on body composition, rather than birth weight alone, is little understood.
Our aim was to investigate how the maternal intake of nutrients, particularly protein, fat and carbohydrate during the third trimester of pregnancy is related to not only birth weight but other indicators of birth anthropometry, including the ponderal index, an indicator of infant fatness.
Methods

Subjects
The Tasmanian Infant Health Survey (TIHS), a cohort study initiated to study sudden infant death syndrome (SIDS), provided comprehensive baseline data on approximately one-fifth of infants born in Tasmania from 1988 to 1995 (Dwyer et al., 1991) . Ninety-three percent of live births in the state were born at hospitals participating in the survey. Singleton births were selected on the basis of a scoring system using six risk factors for SIDS: young maternal age (À10. 'Espaignet et al., 1990) . Singletons with a total score X532 were eligible for inclusion. The analyses were restricted to the period from September 1988 to December 1989 during which maternal dietary data were collected. During this period, 21.0% of infants were born to teenage mothers, 24.6% were of low birth weight, 69.6% were boys, 26.4% were born in March or April and 70.8% were either fully or partially bottle fed at a month of age. All multiple births (12.9% of study infants) were eligible irrespective of their scores. Infants with severe neonatal disease or a major congenital malformation or infants for adoption or who would not be resident in Tasmania at a month of age were excluded from the TIHS.
Mothers recruited from September 1988 to December 1989 were asked to fill in a food frequency questionnaire (FFQ) soon after birth. It was developed by the Commonwealth Scientific and Industrial Research Organisation Division of Human Nutrition for self-administration with adults (Baghurst and Record, 1984) . Of 1706 women participating during this period, 1361 (76%) completed the FFQ regarding their dietary intake during the third trimester of pregnancy. It contained 179 food categories and subjects were required to estimate how frequently they consumed a standard serving size of each food category during late pregnancy. The energy and nutrient content of a standard serving size of each food was estimated using data from the Australian Tables of Food Composition (Lewis et al., 1995) and was multiplied by its reported frequency of use and usual to standard serving size ratio to calculate average daily nutrient intake.
To avoid subjective decisions about validity of nutritional data for individual subjects an a priori decision was taken on criteria for inclusion of data in analyses. Subjects who gave multiple answers for food frequencies, ticked or indicated ranges, omitted one or more pages of the questionnaire, or reported consuming 15 or fewer foods were determined to have inadequately completed the questionnaire and were excluded from the analyses (n ¼ 215). Of the remaining, mothers who had multiple births (n ¼ 106) were also excluded from the analyses because multiple gestation influences fetal growth and placental weight. After these exclusions, the sample size was reduced to 1040. This sample size provided 80% power to detect a 163 g difference in birth weight (s.d. 762 g) between the highest and lowest thirds of nutrient intake. The study was approved by the University of Tasmania Human Experimentation ethics committee.
Anthropometric measurements and indices
Hospital obstetric records provided information on the infant's gestational age, birth weight, crown-to-heel length, head circumference and placental weight (Dwyer et al., 1991) . The anthropometric indices were calculated as follows: ponderal index ¼ birth weight (kg)/crown-to-heel length (m 3 ); relative head circumference ¼ head circumference (cm) Â 100/ponderal index (Leadbitter et al., 1999) ; placental ratio ¼ placental weight (g) Â 100/birth weight (g) ; head circumference-to-birth length index ¼ head circumference (cm) Â 10/crown-to-heel length (cm) (Hagstrom et al., 1998) . Ponderal index is an indicator of infant fatness and relative head circumference is an indicator of head size relative to the overall size of the infant (Leadbitter et al., 1999) . Placental ratio is an indicator of possible antenatal hypoxemia (Godfrey et al., 1991) , and the head circumference-to-birth length ratio has been used as an index of brain growth relative to linear growth.
Statistical methods
Characteristics of the study sample were described by number and percentage for dichotomous variables and mean and s.d. for continuous variables. Maternal energy and macronutrient intake distribution was described by the median and the inter-quartile range. To linearize relationships and reduce the leverage of outlying values, the nutrients intakes were log-transformed when necessary; protein intake was not transformed. Outliers were identified by using sample-size-adjusted cut-offs; an observation with Cook's distance of more than 0.004 (4/sample size, which is 1040) was considered an outlier (Cook and Weisberg, 1982) .
Partial correlation coefficients (r) were calculated as a measure of association between infant's birth weight, crownto-heel length, head circumference, placental weight and placental ratio as well as between macronutrients, which were transformed when necessary to improve the symmetry of their distributions. Associations between nutrient intakes and birth weight, birth length and head circumference were examined by multiple linear regression. Birth weight was normally distributed and was not transformed in analyses. Birth length and head circumference were negatively skewed and thus examined in cubic form, with back-transformation after analysis. The coefficients for the birth length and head circumference presented in Table 3 are the change in outcome associated with a nutrient intake increase of half the inter-quartile range, near the median. These coefficients were derived from backtransforming the cubic form of head circumference or length. Generalized linear models with identity link function and gamma distribution of dependent variables were used to examine the associations between nutrient intakes and positively skewed continuous outcomes (placental weight, ponderal index, relative head circumference, placental ratio and head circumference to birth length index).
We made purposeful rather than stepwise selection of variables. The strength of associations of exposure and outcome variables with putative confounders was examined in univariate analysis. For the multivariate analysis, we first examined nutrients and pregnancy outcomes adjusting for infant's sex and gestational age as used in previous studies (Campbell et al., 1996; Godfrey et al., 1996 Godfrey et al., , 1997 Mathews et al., 1999) . Secondly, the associations between nutrients and pregnancy outcomes were additionally adjusted for any maternal-antenatal smoking and mother's height because these variables were associated with both the outcome and most of the nutrient variables, altered the regression coefficient by 410% (suggestive of confounding (Greenland, 1989) , and were adjusted for in previous studies of maternal nutrition and pregnancy outcome Mathews et al., 1999) . Thirdly, to remove confounding owing to energy intake, we included total energy intake (TEI) term in the multiple regression model with absolute nutrient or nutrient density term and other covariates (Willett, 1990) . We additionally examined individual potential confounders which included the other four of the six selection factors for the TIHS (maternal age, month of birth, intention to breast feed and duration of second-stage labor), parity, birth order, maternal education and private health insurance at birth, household income, alcohol consumption, iron, folate and calcium supplements throughout pregnancy.
Visual assessment of the associations in multivariate models was obtained from scatter-plots with fractional polynomial fit (Royston and Altman, 1994) (Figure 1) . Figure  1a -d shows adjusted data from the relevant generalized linear models and 95% CI for the fitted curve. The 95% CI band is wide enough to encompass all likely shapes of the nutrient curve. The figures exclude one infant with high-protein intake and low-birth weight, although this infant was not excluded from the analyses because it was not formally identified as an outlier.
The main exposures of interest were maternal intakes of protein, total fat and carbohydrate. P-values less than 0.05 were deemed statistically significant. Levels of significance refer to regression analysis of continuous outcome variables, unless otherwise specified. Macronutrient intakes were categorized into thirds and test for trend was examined using the Wald statistic from regression analysis. Interaction between covariates was tested by likelihood ratio test. We checked for multicollinearity by variance inflation factors. All analyses were conducted by using STATA (STATA Corp 2003; Statistical Software, releases; College Station, TX, USA).
Results
Characteristics of the 1040 mothers and babies are presented in Table 1 . Mean birth weight was 3152 (s.d. 762) g and the mean placental weight was 603 (s.d. 162) g. Table 2 shows estimated dietary intake in the last trimester of pregnancy. As all macronutrient intakes were (positively) skewed, they are presented as median and inter-quartile range. Macronutrient intakes were considered as both absolute intakes (g/day) and percentage intakes representing the percentage of total energy contributed by a specific macronutrient type.
We examined the association between the at-birth anthropometric measures. Placental and birth weights were highly correlated (r ¼ 0.77, Po0.01). After holding birth weight constant, placental ratio was slightly more strongly asso- Higher maternal dietary protein intake K Andreasyan et al ciated with birth length and head circumference (r ¼ À0.13, P ¼ 0.04 and r ¼ À0.05, P ¼ 0.37 respectively) than placental weight (r ¼ À0.07, Po0.01 and r ¼ 0.03, P ¼ 0.10, respectively). We then examined the associations between macronutrients. Protein intake was more strongly associated with carbohydrate intake (r ¼ 0.58, Po0.01) than with total fat intake (r ¼ 0.30, Po0.01) after adjusting for TEI.
We considered potential confounders of the association between maternal nutrient intake and birth anthropometry in more detail. For example, in multiple regression analyses (after adjustment for baby's sex, gestational age, maternal height and alcohol intake during the pregnancy), any maternal smoking was associated with a decrease in birth weight of 214 g (Po0.001) and decreased placental weight by 22 g (P ¼ 0.03), resulting in a non-significantly increasing placental ratio (P ¼ 0.10). In this multiple regression model, any alcohol intake significantly decreased placental weight by 20 g (P ¼ 0.05) and was non-significantly inversely associated with birth weight (P ¼ 0.16) and placental ratio (P ¼ 0.16).
Total daily energy intake was not associated with birth weight (Table 3) . However, protein intake in the third trimester of pregnancy was negatively (P ¼ 0.02) associated with birth weight (Figure 1a ) (in figure 1a, b and c, a subject with protein intake with more than 600 g/day was excluded). Table 3 shows that, after adjustment for the factors listed in the footnote, an increase of 10 g of absolute protein intake/ day was associated with a reduction of birth weight of 17.8 g. A 1% increase in the percentage contribution of protein to energy intake was associated with a 12.7 g reduction in birth weight. Dietary intakes were not significantly related to placental weight (Table 3) .
Third trimester macronutrient intake was also related to other birth anthropometric measures. High absolute and proportional protein intakes were associated with a lower ponderal index (b ¼ À0.01; 95% CI: À0.02, À0.00; P ¼ 0.01) ( Figure 1b ) and a higher relative head circumference (b ¼ 0.05, 95% CI: 0.01, 0.10; P ¼ 0.02) (Figure 1c) . Table 4 shows univariate and multivariate associations between dietary intakes and at-birth anthropometric indices. One percent increase in carbohydrate intake resulted in a 1% decline in placental weight relative to birth weight (Figure 1d ). Fat intake was positively associated with the head circumference-to-birth length index (P ¼ 0.02).
We conducted some further analyses to assess the robustness of these findings. After excluding observations with Cook's distance of more than 0.004 (n ¼ 35), an increase of 10 g of absolute protein intake/day was associated with a reduction of birth weight of 22.8 g (P ¼ 0.001). When protein and carbohydrate intakes were mutually adjusted, protein intake retained the significant associations with birth weight (b ¼ À1.98; 95% CI: À3.52; À0.45), ponderal index (b ¼ À0.01; 95% CI: À0.02; À0.00) and relative head circumference (b ¼ 0.06; 95% CI: 0.01; 0.11); the negative association between carbohydrate intake and placental ratio did not reach conventional levels of statistical significance (b ¼ À1.32; 95% CI: À2.73; 0.09). In all of the models, interaction between protein and carbohydrate intakes was not statistically significant (data not shown). Further exclusion of an individual with a high protein intake but not formally identified as an outlier (see Statistical methods) did not alter the results.
We applied more rigorous criteria to accept FFQ data only if subjects had an energy intake between 5000 and 18 000 kJ/ day (n ¼ 892). The results were changed little. For example, 
Median (inter-quartile range). d Ponderal index ¼ birth weight (kg)/crown-to-heel length (m 3 )
. Head circumference to birth length index ¼ head circumference (cm) Â 10/crown-to-heel length (cm). Relative head circumference ¼ head circumference (cm) Â 100/ ponderal index. Placental ratio ¼ placental weight (g) Â 100/birth weight. Higher maternal dietary protein intake K Andreasyan et al in the model with protein and energy intake entered simultaneously, the regression coefficients for the influence of a 1 g increase in protein on birth weight were -2.1 g in the restricted sample (P ¼ 0.04) and -1.8 g (P ¼ 0.02) in all subjects. The association between birth weight and total protein intake adjusted for energy intake remained negative among newborns with birth weight X2500 g; a 10-g increase in absolute protein intake was associated (P ¼ 0.18) with a 10.4 g decline in birth weight with the increased P-value reflecting, in part, the reduced sample size. We tried to explore further whether the birth weight or ponderal index reduction associated with higher protein intake was occurring for infants at the lower or higher birth weight spectrum. When using infants weighing 2.5-o4 kg at birth as a reference group, higher protein was not significantly associated with the likelihood of having either a higher (X4 kg) or low (o2.5 kg) birth weight infant (data not shown). After stratification by the above birth weight categories, the association between higher protein intake and lower ponderal index was not evident among the low birth weight (P ¼ 0.94) but was evident for normal (P ¼ 0.04) and high (P ¼ 0.05) birth weight infants.
Discussion
This study found that maternal nutrition in the third trimester of pregnancy influenced the ponderal index of the infant at birth. An increase in absolute daily protein intake was associated with a reduction in birth weight. Protein intake was also associated negatively with ponderal index and positively with relative head circumference.
Strengths of this study include a large sample size, sufficient statistical power and the availability of data on a large number of putative confounders such as antenatal smoking and alcohol intake. In addition, the analyses were conducted not using simple linear regression only, with an assumption of linear associations (Bodnar and Nelson, 2004) . Exposure variables were transformed, if appropriate, before analysis and the modeling also took into account the skewed Higher maternal dietary protein intake K Andreasyan et al distributions of several outcomes. Further, fractional polynomial plots were reported to demonstrate the shape of nonlinear associations. Birth weight may be a marker for other factors such as at-birth adiposity, which themselves may impact adversely on subsequent outcomes (Yajnik, 2004) , and large for gestational age infants or those with a high ponderal index at birth are at higher risk of obesity (Eriksson et al., 2001a) or metabolic syndrome (Rich-Edwards et al., 2005) . The study examined several aspects of infant, anthropometry, not just birth weight. For example, the inverse association between higher protein and ponderal index was evident even among high birth weight infants. Study had some limitations. The dietary intake was not obtained prospectively, thus reporting bias in relation to dietary intake is possible; mothers of low birth weight infants might have felt guilty and over-reported their protein and/or total food intake. However, the inverse association between protein intake and ponderal index or birth weight remained evident in the sample restricted to non-low birth weight infants. Maternal diet was measured by FFQ rather than the more reliable food records, but the latter were not feasible owing to several reasons including the large sample. Furthermore, in the validity study by Willett et al. (1985) , the correlation coefficients between an FFQ and diet records were around 0.6 for macronutrients when intakes were adjusted for TEI, implying sufficient validity (Shai et al., 2005) . More recent work supports this and, in any case, if the disagreement between FFQ and true intake is nondifferential, it will tend to obscure existing patterns (Shai et al., 2005) . Here, the findings persisted in the sample with a narrower daily calorie range, where additional restriction should have excluded FFQ data of lower quality. Thus, the use of an FFQ is unlikely to have contributed to the findings here.
Although arguments of causality are strengthened when an association is observed with an overall intake of a nutrient, and with more than one food source of that nutrient and although food-based analysis is most directly related to dietary recommendations, we did not perform food-based analysis because foods are complex mixtures of chemicals, making it difficult to predict with certainty the health effects of any food solely on the basis of its content of one specific factor (Willett, 1990) . For food-based analysis, the large number of food categories on the FFQ (n ¼ 179) would have also resulted in a large number of multiple comparisons, increasing the likelihood of type 1 error. The median nutrient intakes were all higher in this study than in the Southampton cohort and other studies of dietary intake in pregnant women (Mathews et al., 1999; Moore et al., 2004) . The FFQs applied after birth may have overestimated TEI (and therefore total macronutrient intake) for the third trimester period; however, the relative energy contribution of protein, carbohydrate and fat may be well measured, whether or not TEI intake is misreported (Hirvonen et al., 1997) . Indeed, macronutrient densities agreed better across the studies. The mean macronutrient densities from our study were similar to those reported in the Southampton cohort ; 16 vs 15% energy from protein, 36 vs 36% from total fat and 45 vs 49% for carbohydrate. Although this cohort is not a random population sample, having been selected using a scoring system for risk of SIDS, the threats to external validity are slight as, in the TIHS, (i) the source of eligible participants was well defined, (ii) there was a proper distribution of determinants, modifiers and confounders, (iii) the sample size was likely to be adequate (Rothman and Greenland, 1998) and (iv) in all regression models adjustment for the components of the scoring system did not substantially alter the findings.
As high ponderal index at birth has been associated with obesity at later ages, it is important to identify how antenatal diet relates to this but little data have been available. Moore et al. (2004) did not find an association between dietary protein in the third trimester of pregnancy and a lower ponderal index. Our findings of a negative association between protein intake, adjusted for TEI and birth weight is consistent with some (Campbell et al., 1996; Godfrey et al., 1996; Sloan et al., 2001) but not all (Mathews et al., 1999; Moore et al., 2004) past observational work. It is consistent with past evidence from randomized trials. Several trials have showed a reduction in mean birth weight with isocaloric-balanced protein supplementation group vs control diet but the results of such trials have been heterogeneous (Kramer, 2003) . One study was of particular concern as isocaloric supplementation was associated with an increased risk of a small-for-gestational age infant (RR ¼ 1.35; 95% CI: 1.12, 1.61) (Mardones-Santander et al., 1988) , leading to the conclusion that such supplementation may be harmful. Although randomized intervention trials may be needed to further determine the influence of nutritional supplementation on pregnancy outcomes such as body composition as well as birth weight, supplementation may be unethical in some cases and also supplement composition will not accurately reflect natural maternal dietary intake and indeed could modify food choice. Therefore, observational studies as conducted here also provide useful insights into the association between natural maternal dietary intake and infant anthropometry.
We compared the magnitude of the effect of maternal nutrition on birth size with those of other environmental factors. For example, an unlikely additional 120 g of daily protein intake, roughly doubling protein intake, would be required to achieve a reduction in birth weight similar to that associated with any antenatal maternal smoking in this cohort, where the modal smoking category for mothers smoking during pregnancy was 1-20 cigarettes/day. Nevertheless, it is important to consider biological plausibility and other evidence that may indicate whether this association is causal in nature. The reason why high maternal protein intake in humans should negatively influence fetal size is unclear. In vitro studies show that amino acids are actively transported across the placenta and there is competition between amino acids for carrier systems (Ronzoni et al., 2002; Jozwik et al., 2004) . Whether, in vivo, a surfeit of some amino acids derived from common food proteins might compete with essential or conditionally essential amino acids for carriers is not known. Animal models may be of limited value in this area as the human fetus grows and accretes protein more slowly than animal species commonly studied; for example, the fetal rat accretes protein at 23 times the rate of the human fetus (McCance and Widdowson, 1985) .
Fluctuations in maternal blood glucose may also underlie the negative association between maternal carbohydrate intake and placental ratio found here. It is possible that high glucose levels may affect fetal weight more than placental weight resulting in decreased placental ratio. The human fetus is very dependent (by 75%) on glucose as a major oxidative substrate in late gestation (Fowden, 1994) . The placenta can influence fetal nutrition via its capacity to transport nutrients and by its role in the metabolism of these nutrients. In a sheep's (and possibly in a human) placenta, glucose is converted to lactate which is then released into fetal circulation where it provides an important fetal oxidative fuel (Fowden, 1994) . In sheep, the placenta competes directly with the fetus for available nutrients; if uterine glucose supply falls, the placenta consumes a higher amount of glucose from the fetal circulation to maintain its own metabolic demands (Gu et al., 1987) . Thus, antenatal maternal dietary effects on birth weight or later cardiovascular outcomes may reflect, in part, the impact of such diets on glycemic control.
Placental weight did not vary by macronutrient intake in this study. This agrees with other studies in well-nourished populations studied by Mathews et al. (1999) and Moore et al. (2004) . Campbell et al. (1996) reported that in the group with low protein intake (p50 g a day), placental weight decreased with higher carbohydrate intake, whereas in the group with higher protein intake placental weight increased with carbohydrate intake. In exploratory analyses using a range of values to categorize protein intake, we found no evidence to support the presence of interaction (data not shown). In contrast, some other studies have found an association between micronutrient intake and placental weight (Mathews et al., 1999; Lagiou et al., 2005) . Although not the focus of this report, the findings of a placental weight reduction with not only maternal smoking, as reported previously (Williams et al., 1997) , but also maternal alcohol intake is interesting. Further work to assess the independent effect of alcohol intake on placental weight in this sample will be undertaken.
In considering public health implications of the effect of maternal nutrition on disease risk in the offspring later in life several points must be borne in mind. A high birth weight and ponderal index have been suggested to program an increased risk of later obesity, as measured by BMI (Dietz, 1994; Parsons et al., 1999; Eriksson et al., 2003a; Oken and Gillman, 2003; Rogers, 2005) and is associated with a lower risk of type II diabetes and ischemic heart disease (IHD) (Hales et al., 1991; Osmond et al., 1993; Barker, 1995; RichEdwards et al., 1997 RichEdwards et al., , 1999 Eriksson et al., 2001b Eriksson et al., , 2003b . This paradox may be partially explained by evidence that low birth weight is associated with programming of greater abdominal or truncal fat mass (Law et al., 1992; Malina et al., 1996; Barker et al., 1997) , and that, because BMI, particularly in early life, correlates strongly with both total lean mass and fat mass (Wells, 2000) , a positive association between birth weight and later BMI represents an association of birth weight with lean mass rather than fat tissue (Singhal et al., 2003; Sachdev et al., 2005) . Poor fetal growth, as measured by low birth weight and ponderal index, on the other hand, programs a smaller proportion of lean mass later in life (Phillips, 1995; Hediger et al., 1998; Kahn et al., 2000) and could adversely affect later insulin sensitivity and increase risk of later CVD. These children are characterized by high rate of gain in BMI in early life and have the highest BMI in later childhood and adulthood (Bhargava et al., 2004) .
Hence maternal nutrition during pregnancy may program the offspring's disease risk in later life through infant's body composition rather than simply altering body size. Further studies more accurately measuring the mother's diet and infant's body composition are warranted to refine dietary recommendations.
In summary, with higher protein intake during the last trimester of pregnancy, the offspring were smaller in terms of birth weight and ponderal index with a relatively larger head circumference in relation to ponderal index. These associations persisted after adjustment for maternal carbohydrate intake. The finding that higher protein intake in the third trimester was associated with a reduced ponderal index among large birth weight infants but not low birth weight infants, together with past work on the effect of higher protein diets on reducing birth size with lean mass sparing and improved glycemic control, raises the possibility that the effect of antenatal protein intake in the third trimester on at birth anthropometry may differ between different birth weight groups. Further work encompassing not only maternal diet and birth weight, but also antenatal glycemic control and body composition is required to investigate this issue. This is particularly important given that maternal dietary protein intake has been shown to be readily modifiable (Kramer, 2003) and early life interventions, even in utero, are required to prevent obesity.
